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a  b  s  t  r  a  c  t
Humic  substances  (HSs)  are  a group  of complex  macromolecular  polymeric  compounds  originating  from
the decomposition  of  plant  residuals  and  other  organic  matter.  Within  the  presence  of micro-pollutants
and  heavy  metals,  HSs  negatively  act  upon  potable  water  quality  by  contributing  to aesthetic  prob-
lems  such  as yellowish  or  brownish  color  and  annoying  taste  and  odor.  They  are also  responsible  for
re-growth  of pathogenic  microorganisms  and fouling  of  membranes  in water  distribution  systems.  More
importantly,  these  high-molecular-weight  polymers  have  been  noted  to  be  the  major  contributor  to
the  formation  of disinfection  by-products  (DBPs)  such  as  trihalomethanes  (THMs)  and  haloacetic  acids
(HAAs).  Considering  these  harmful  effects,  removal  of  HSs  is one  of  the  signiﬁcant  tasks  in  drinking  water
treatment.  For  this  purpose,  this  study  aimed  to explore  the effects  of various  operating  parameters
(initial  concentration,  initial  pH,  electrical  conductivity,  pulse  time,  pulse  number,  and  process  time)  on
the  humic  acid (HA)  removal  efﬁciency  and  energy  consumption.  In this  study,  a new  current  supply
method  called  alternating  pulse  current  electrocoagulation-ﬂotation  (APC-ECF)  process  was  proposed,
and a  detailed  comparative  optimization  of  four  different  ECF  processes  (direct  current  (DC)-simple  elec-
trode, DC-perforated  electrode,  pulse  current-simple  electrode,  and  pulse  current-perforated  electrode)
was conducted  within  the  framework  of  Taguchi-based  experimental  design  methodology.  According
to  scanning  electron  microscopy  (SEM),  the  morphology  of  electrode  surfaces  with  APC  and  perforated
electrode  showed  less  disordered  (irregular)  pores  and  a regular  structure  of aluminum  compared  to  the
DC,  which  conﬁrmed  the  difference  in the  corrosion  rates.  Moreover,  the  proposed  APC-ECF  method  led
to the production  of  less  dewatered  and  dense  sludge.  The  results  of  the  performance  analysis  revealed
that  the  APC  with  a perforated  electrode  provided  3.2-fold  lower  energy  consumption  and  2.5-fold  lower
aluminum  consumption  compared  to  the  DC  with  a simple  electrode.  Considering  the  expenses  associ-
ated  with  power  consumption  and sludge  disposal  costs  for  the  electrocoagulation  unit,  the  experimental
ﬁndings  corroborated  that  the proposed  APC-ECF  process  could  be used  as  a  promising  and  cost-effective
technology  in water  treatment  for the  removal  of  HSs.
© 2018  Institution  of Chemical  Engineers.  Published  by Elsevier  B.V.  All  rights  reserved.
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1. Introduction
Contamination of drinking water is one of the worldwide prob-
lems that is of great concern as it imposes a severe threat on biotic
life. Introduction of contaminants into the water environment
through various pathways causes deleterious effects on humans
and other living organisms, thus deteriorating the quality of life
irreversibly in some cases (Bajpai et al., 2014; Sani et al., 2017).
https://doi.org/10.1016/j.psep.2018.10.025
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Among various types of pollutants, the presence of natural organic
matter (NOM) in drinking water causes many problems in the water
treatment processes. Humic substances (HSs) are considered as
the most abundant NOM and originate from microbial activity and
decomposition of plant and animal remnants in nature (Eish and
Wells, 2006). The HSs constitute 60–90% of NOM (Sachse et al.,
2005), and they are among major concerns in drinking water treat-
ment. A combination of these substances with heavy metals (Alswat
et al., 2017a,b), which are mostly carcinogenic, facilitates their
transfer to water resources, and the presence of these substances in
treated water causes re-growth of pathogenic microorganisms in
water distribution networks (Crittenden et al., 2005; Maleki et al.,
2016a). Furthermore, these substances lead to fouling of membrane
ﬁlters (Saleh, 2015a,b; Saleh, 2016) and anionic resins and prevent
oxidation of iron and manganese (De la Rubia et al., 2006; Maleki
et al., 2016b; Wang et al., 2018). However, the most important
problem caused by such substances is their contribution as a pre-
cursor to the production of disinfection by-products (DBP). For this
reason, more disinfectant is used in the process, so that the risk
of the formation of DBP increases despite increased disinfection
efﬁciency. Trihalomethanes (THMs) are among the most important
by-products of chlorine disinfection (Kawamura, 2000; Mahvi et al.,
2009). They have no speciﬁc smell in water but are physiologically
associated with health hazards such as gene mutation and cancer
(Li et al., 2011; Maleki et al., 2016b).
The United States Environmental Protection Agency (US EPA)
has set a maximum concentration level (MCL) of 80 ppb for total
THMs and 60 ppb for ﬁve haloacetic acids (HAA5) (Rodriguez
et al., 2004). Nevertheless, the United Kingdom (UK) standard
for trihalomethanes is 100 g/L, while the trihalomethane forma-
tion potential for natural organic substances is above 100 g/mg
of dissolved organic carbon (DOC). Therefore, nearly 1 mg/L of
the residual DOC can violate the previous standard (Murray and
Parsons, 2006). Considering the current strict rules and the harmful
effects of HSs, they must be removed from drinking water.
So far, several methods, including coagulation (Wang et al.,
2012; Yu et al., 2013), adsorption (Rauthula and Srivastava,
2011), Fenton reactions (Wei  et al., 2011), nano-photocatalysts
(Maleki et al., 2016a), photocatalytic membranes (Rao et al.,
2016; Szyman´ski et al., 2016), membrane ﬁltration (Jafari et al.,
2015), biological treatment (Moura et al., 2007), and ozona-
tion (Seredynska-Sobecka et al., 2006), have been conducted for
humic acid (HA) removal from drinking water. Recently, in devel-
oped countries, electrochemical techniques have been successfully
applied to various environmental issues (Holt et al., 2002; Feng
et al., 2007; Yetilmezsoy et al., 2009a; Safari et al., 2014). The
electrocoagulation-ﬂotation (ECF) process with direct current (DC)
includes the production of coagulant through electrical dissolution
of a sacriﬁcial anode. These coagulants (such as aluminum hydrox-
ide), due to their large surface area, quickly adsorb soluble organic
compounds and entrap the colloidal particles. Agglomerate clots
are formed, precipitated, or ﬂoated through ﬂotation by hydrogen
gas produced at the cathode that appears in the form of small bub-
bles (Wang et al., 2009). However, in electrocoagulation with DC,
after a certain time, an impermeable oxide layer is formed on the
cathode. This prevents effective transmission of current within the
system, leading to higher power costs and lower efﬁciency. This
problem is intensiﬁed with an aluminum electrode. In general, the
increased consumption of the electrode and electrical energy and
increased production of sludge are among the major disadvantages
of this method. Typically, power consumption costs account for
more than 50% of electrocoagulation unit expense (Mollah et al.,
2001). Therefore, improvement of the electrode processes used
in electrocoagulation is highly necessary. Although the previous
electrochemical-based treatability studies have made important
contributions to this area, the plurality of them only addresses the
effect of the existent process conditions on the removal of a spe-
ciﬁc contaminant from different wastewaters. To the best of the
authors’ knowledge, there is still an apparent gap in the relevant
ﬁeld concerning the investigation of novel and cost-effective ECF
installations to alleviate the above-mentioned disadvantages asso-
ciated with power consumption and sludge disposal. It seems from
the literature that there are almost no systematic papers speciﬁ-
cally devoted to a study of a comparative optimization of different
ECF combinations for HA removal from aqueous solutions within
the framework of Taguchi-based experimental design methodol-
ogy. In this context, the present study was introduced as a new
attempt to fulﬁl the mentioned gap by focusing upon a detailed
quantitative performance analysis of four ECF processes (DC-simple
electrode, DC-perforated electrode, pulse current-simple electrode,
and pulse current-perforated electrode) within the experimental
domain of the various operating factors.
In consideration of the foregoing facts, in the present study,
a novel current supply method called alternating pulse current
electrocoagulation-ﬂotation (APC-ECF) was  proposed to overcome
the disadvantages of electrocoagulation with DC. This current can
be applied using an alternating pulse circuit at the DC source’s
output to convert the DC into a pulse, alternating current. Using
this current supply model at certain time intervals, the current
direction, and consequently, the electrodes’ role is changed. Such
switching on and off of the current (pulsating) and change in the
electrode role (alternating) not only prevent passivation of the
cathode electrode, but also provide sufﬁcient time for the coag-
ulants to complete the coagulation reaction due to the off-time
between each pulse, which in turn leads to reduced energy con-
sumption (Mao  et al., 2008). The current is used with square,
sinusoidal, and triangular waveforms in pulsed electrolysis; how-
ever, pulsed currents with square wave forms (symmetrically and
asymmetrically) are more widely used in electrolysis (Sahay and
Kushwaha, 2017).
2. Materials and methods
2.1. Preparation of stock solution
The HA used in the present study was  purchased from the
Sigma Aldrich Corporation, and the 98% perchloric acid and sodium
hydroxide for pH adjustment as well as nitrate-potassium salt
for providing the required electrical conductivity, were purchased
from the Merck Corporation. The present study was conducted in
a 1-L glass reactor with discontinuous current. To prepare the 1 g/L
stock HA solution, 1 g of HA was  completely dissolved in 62.5 mL
of 2 N NaOH. After complete dissolution, it was diluted to a vol-
ume  of 1 L using distilled water (with conductivity of 10 S/cm
at 25 ◦C). Then, it was  placed on a magnetic stirrer for 48 h. The
prepared stock solution was  stored at 4 ◦C away from light. The
synthetic samples were made from stock HA solution, and their pH
was adjusted by adding sufﬁcient amounts of appropriate base and
acid.
2.2. Equipment used in the experimental tests
The devices used in this study included an electricity gener-
ator (RXN-303D Model) manufactured by ZHAOXIN Corporation,
a spectrophotometer (T80 Model), a pH meter and a conductiv-
ity meter (Jenway Model) made in England, a KN-70 centrifuge
manufactured by KUBOTA Co., Japan, a voltmeter & ampere-meter
(DT830D Model) manufactured by GILSUN Co., China, a scanning
electron microscope (MIRA3 model) manufactured by T-Scan Co.,
Czech, Atoc meter (SKALAR Model) made in the Netherlands, and a
hand-made pulse device.
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Fig. 1. (a) Reactor used in electrocoagulation-ﬂotation with alternating pulse current; and (b) shape of pulses in applied alternating pulse current.
2.3. Experimental set-up and procedure
Two L-shaped aluminum electrodes were embedded in the reac-
tor in unipolar mode with an effective surface area of 100 cm2 at
1 cm distance from each other, and 20 pores with a diameter of
4 mm were created on the surface of each electrode. The electrodes
were connected to the pulser, which was connected to a DC elec-
tric generator. The generated DC entered the pulser, and the pulser
output current was transmitted to the electrodes. The coagulation
process mixture was provided using a magnetic stirrer with mixing
speed of 50 rpm (≈ 10.47 rad/s). During the process, the poten-
tial difference applied to the electrodes and the generated currents
were measured using a voltmeter and ampere-meter, respectively
(to ensure establishment of current and execution of the process).
Fig. 1a illustrates the reactor used in the electrocoagulation-
ﬂocculation process with APC. Fig. 1b shows the shape of the pulses
created by the pulser in this study with a pulse number variable of
5. As seen in this schematic, after applying every ﬁve square-shaped
pulses the electrode positions were changed by changing the cur-
rent direction. In this diagram, Tf is the cycle’s positive period, Tr
is the cycle’s negative period, ton and toff indicate the times when
the current in the circuit is ON and OFF, respectively, T indicates
the total time of a current cycle, ip is the current density peak at Tf,
and im represents the average density.
2.4. Taguchi-based experimental design methodology
For a multivariable environmental process, investigation of
the main and the interaction effects of various process-related
parameters on the response is an important task to gain a better
understanding of the operative mechanism of the studied system.
However, determination of all possible combinations of the test
variables is impractical and time-consuming since a large num-
ber of experiments is required to implement this task (Yetilmezsoy
et al., 2009b). For this reason, implementation of a systematic
experimentation methodology to minimize the number of tests
while evaluating the effects of important parameters along with
possible interactions can be a cost-effective and strategic approach
(Yetilmezsoy et al., 2009b; Hasani et al., 2018). At this point, experi-
mental design or design of experiments (DOE) methodology makes
it feasible to observe the possible interaction of the parameters
and their inﬂuences on the response variable in a cost- and time-
effective way (Saleh et al., 2017).
The Taguchi method is a standardized version of DOE that
is used to determine the effect of factors on the response and
optimal conditions for the systems (Daneshvar et al., 2007). The
prime motivation behind the Taguchi-based experimental design
(Taguchi/DOE) technique is the reduction of variations around the
target without actually removing the cause of variation. Another
motive why  Taguchi/DOE method provides a consistent analysis
over classical DOE is the advantage of attaining robustness in the
functional performance by inducing the existence of noise factors
(i.e. factors that are not controllable or are too expensive to control)
during the experiment. In this robust design strategy, a logarith-
mic  transformation of mean squared deviation (MSD), which is
referred as the signal-to-noise (S/N) ratio, is used for the analysis of
results. In other words, in the Taguchi methodology, for more pre-
cise statistical analysis of the obtained results, a converted response
function is used, which is deﬁned as the ratio of sign of each effect
(S) to the effects of each error (N). The advantage of using this new
response in statistical analysis, compared to the primary form of
the response, is the capability of comparing the magnitude of the
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effects from each major factor to effects from turbulence and error
factors in measurement. This will consequently lead to a more accu-
rate understanding of the actual effect of factors on the system.
In Taguchi/DOE approach, the S/N ratio is calculated for each fac-
tor level combination depending on the goal (i.e. smaller is better,
larger is better, nominal is best) of the conducted experiment. In all
cases, the S/N ratio is maximized to minimizes the effect of noise on
the response, so that the experimental condition having the maxi-
mum  S/N ratio is considered as the optimal condition (Oztop et al.,
2007; Daneshvar et al., 2007; El khalidi et al., 2018).
Considering the foregoing facts, in the present study, the effect
of the effective operating parameters of the process on removal
efﬁciency of HA was investigated within the framework of the DOE
methodology using Taguchi approach. Since the HA removal rate
was considered the present response, the objective was  to max-
imize this output. Considering this global idea, “larger is better”
type of optimization was used to maximize the S/N ratio (El khalidi
et al., 2018):
S/N = −10 log
[
1
n
n∑
i=1
(
1
Yi
)2]
(1)
where n is the number of the repeated experiments, and Yi is the
measured experimental value.
2.5. Analytical procedure and calculations
In each experiment, 500 mL  of the synthetic HA sample was
used at room temperature under the operational conditions men-
tioned in Table S2. In each experiment at 10, 20, 30, 50, and 70 min,
40 cc of sample was transferred to glass vials, and the samples
were centrifuged at 3000 rpm (≈ 314.16 rad/s) for 10 min. The
sample overﬂow was removed by pipette, and after transmission
to a 4-cc quartz cell, the sample’s adsorption rate was  read by
the spectrophotometer at 254 nm.  Using the calibration curve, the
adsorption signal was converted to concentration (mg). In the next
phase, the removal efﬁciency was calculated using Eq. (2). For each
sample, the ﬁnal pH and EC were measured. The zero samples were
taken from the reactor before initiating the process.
R = C0 − Ce
C0
× 100 (2)
where C0 and Ce indicate initial and ﬁnal concentrations of HA
(mg/L), respectively, and R is the removal efﬁciency (%). Afterwards,
removed HA mass (mg) was calculated in Eq. (3) using the calcu-
lated efﬁciency, the initial concentration, and reactor volume:
mHA(mg) =
R
100
· C0 · Vr (3)
where mHA is removed HA mass (mg) and Vr is the reactor volume
(0.5 L). Additionally, the produced aluminum mass and energy con-
sumption rate were determined, respectively, using Eqs. (4) and (5)
as follows (Martinez-Huitle and Brillas, 2009; Wang et al., 2009;
Mohora et al., 2014; Alimohammadi et al., 2017):
mAl = (M · I · tp)/(z · F) (4)
E = (U · I · t)/Vw (5)
where mAl is the released aluminum’s mass (g), I is the current
intensity (A), tp is the process time or duration of operating time (s),
F is the Faraday’s constant (96,485 C/mol, where 1 Faraday = 96,485
coulombs (C), and 1 C = 1 A × 1 s), M is the molecular weight of
aluminum (0.02698 kg/mol for Al), z is the number of electrons
involved in the oxidation/reduction reaction (z = 3 for Al), E is the
energy consumption rate or speciﬁc electrical energy consumption
of the process (kWh/m3, where 1 W = 1 A × 1 V), U is the potential
Table 1
Regression coefﬁcients estimated by multiple linear regression model.
Term Regression coefﬁcient p-valuea
Constant −2.937 0.015
C0 (mg/L) 0.436 0.000
EC0 (S/cm) −0.002 0.000
pH0 0.366 0.000
Tpls (min) 0.172 0.001
t  (min) 0.021 0.023
a p values <  = 0.05 are signiﬁcant.
Table 2
Analysis of variance (ANOVA) for assessing the effect of categorical factors on the
response and testing the signiﬁcance of the HA removal model for the APC-ECF
process.
Source df Seq SS Adj SS Adj MS  F-value p-value
Regression 5 7156.77 7156.77 1431.35 284.41 0.000
Linear 5 7156.77 7156.77 1431.35 284.41 0.000
C0 (mg/L) 1 6801.89 6964.40 6964.40 1383.84 0.000
EC0 (S/cm) 1 164.23 140.55 140.55 27.93 0.000
pH0 1 110.07 109.38 109.38 21.73 0.000
Tpls (min) 1 53.81 53.25 53.25 10.58 0.001
t  (min) 1 26.78 26.78 26.78 5.32 0.023
Residual error 127 639.15 639.15 5.03
Total 132 7795.92
df = Degrees of freedom; Seq SS = Sequential sums of squares; Adj SS = Adjusted sums
of  squares; Adj MS = Adjusted mean squares; F-value is the test statistic used to
determine whether the term is associated with the response; p-value is a probability
that  measures the evidence against the null hypothesis; R2 = 0.918; and p values <
0.05 are signiﬁcant.
difference (V), t is the time (h), and Vw is the volume of treated
water (m3).
3. Results and discussion
3.1. Model development and statistical results
A total of 27 experiments were performed to investigate the
operational conditions, and the results of which are schematically
presented in Fig. 2. The effect of different operational conditions is
evident in the experiments. According to the experimental results,
the removal efﬁciency was  6–100%. Statistical investigation of
the operational parameters was  performed via several statistical
analyses on the collected data. For this purpose, multiple linear
regression based on the analysis of variance (ANOVA) was used to
determine the effective parameters and test the signiﬁcance of the
obtained HA removal model for the experimental data. ANOVA can
estimate the inﬂuence of a factor on the characteristic properties,
and experiment can be conducted with the minimum replication
using the orthogonal arrays (Oztop et al., 2007). The results of the
statistical analyses (for a conﬁdence level of 95%) are presented in
Tables 1 and 2.
According to Table 1, among the studied operational parame-
ters, the variables of initial concentration, electrical conductivity,
pH, pulse time, and process time were signiﬁcant at  = 0.05, which
indicated the great importance of these factors for HA removal rate.
Eq. (5) shows that initial concentration, pH0, pulse time, and pro-
cess time have a positive effect on the process, and EC0 negatively
affects the HA removal. The model obtained from this method is
presented in Eq. (6). The value of R2 is equal to 0.918, and the coef-
ﬁcient of determination ranges between 0 and 1, indicating that it
is an acceptable linear empirical model.
HA removal(%) = −2.937 + 0.436(C0) − 0.002(EC0)
+0.366(pH0) + 0.172(Tpls) + 0.021(t) (6)
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Fig. 2. Variation of HA removal efﬁciency with operation time in 27 different runs (C0 = 10–50 mg/L, pH0 = 3–9, EC0 = 500–2000 S/cm, Tpls = 1–10 min, Npls = 1–10, and
V  = 5–15 V).
3.2. Taguchi orthogonal experimental design methodology
Within the framework of the implemented Taguchi/DOE
methodology, the ﬁrst step was to select the effective process-
related operating parameters. For this purpose, the variables
including initial HA concentration, electrical conductivity, pH, volt-
age, pulse time, and number of pulses were chosen for optimization.
Then, each variable was investigated at three levels (low, center,
and high) in accordance with Table S1. Considering the num-
ber of factors and their respective levels, the L27 orthogonal
array of the Taguchi method was used to determine interactions
between experimental factors. Table S2 presents the Taguchi/DOE
matrix for the levels of each variable speciﬁed in this study. This
matrix [27 × 6] contains three-levels for six independent variables
selected for optimization and performance analysis of different
electrocoagulation-ﬂotation processes. Finally, data analysis was
performed using Minitab 16 software (Minitab Inc., State College,
PA).
According to Fig. 3a and b, the optimal values for response opti-
mization were determined as 50 mg/L for initial concentration, 7
for initial pH, 10 min  for pulse time, 500 S/cm for electrical con-
ductivity, and 70 min  for operation time. Furthermore, the rating
of each parameter in the response rate was  as follows: Concentra-
tion (C0) > pH0 > process time (t) > pulse time (Tpls) > electrical
conductivity (EC0).
3.3. Parameters affecting HA removal
3.3.1. Effect of initial pH
pH is an important factor in electrical coagulation processes
that can inﬂuence the process efﬁciency in two  ways. First, by
affecting the distribution of aluminum hydrolysis products, it
can inﬂuence process efﬁciency. According to the colorimetric
analysis and nuclear magnetic resonance (NMR) of Al, different
types of aluminum, namely, Ala, Alb, and Alc include monomeric
species (Al(OH)2+, Al2(OH)24+, Al3(OH)45+), medium polymers
(AlO4Al12(OH)24(H2O)127+, Al13), and colloidal and solid types
(Al(OH)3), respectively. The Alb species are known as Al13 poly-
mer. Having high positive charge and powerful bonding ability, Al13
polymer is the most active species responsible for coagulation. The
hydroxyl ion produced at the cathode surface causes formation of
Al(OH)–4; in addition, OH–, which is continuously produced at the
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Fig. 3. (a) Diagram for effects of average data values in Taguchi/DOE analysis, and (b) diagram for S/N in Taguchi analysis for the optimal values of C0 = 50 mg/L, pH0 = 7, Tpls
= 10 min, EC0 = 500 S/cm, and t = 70 min.
cathode, causes formation of an area with high pH that induces for-
mation of Al(OH)–4. Al(OH)–4 reacts with monomers and dimers to
form Al13, which is a mediator in the production of Al(OH)3 deposits
(Fig. S1) (Hu et al., 2016).
According to Fig. 1, the removal of HA occurred mostly in the
ﬁrst 10 min. In addition, according to the diagram in Fig. S2 pre-
sented by Hu et al. (2016), in the ﬁrst 10 min, Alb(Al13) was  the
most prevalent species. Therefore, it can be concluded that the Alb
is the main species responsible for coagulation. This large polymer,
with high surface charge, has a great potential for neutralizing the
negative charge of HA. Furthermore, not only via neutralization but
also due to its large surface, it causes adsorption and splicing (bridg-
ing) between particles. Subsequently, as hydrolysis time increases,
due to the higher production rate of hydroxyl ions in the cathode,
the pH of the environment gradually reaches to 8–9, leading to
precipitative formation of Al(OH)3. Therefore, after the 10th min,
the removal percentage can be seen with a slight slope, due to the
entrapment of the particles between hydroxide deposits and the
sweeping mechanism.
Due to the use of APC in the present study, the role of electrodes
was alternatively changed, and thus no concentration gradient
causing any accumulation of HA on the anode was formed, so that
adverse process conditions were alleviated without any operational
problem. For the present case, highest efﬁciency was observed at
pH of 7. On the other hand, the relatively lower efﬁciency obtained
at pH 9 can be attributed to the reduced zeta potential and increased
negative charge of HA. This phenomenon occurs because of the loss
of protons in some of the functional groups of HA (Gregor et al.,
G. Hasani et al. / Process Safety and Environmental Protection 121 (2019) 103–117 109
1997; Lu et al., 1999). As a result of the increased negative charge
at high pH values, the system requires more aluminum to complete
the bonding capacity of humic substances, which is another reason
for the reduced removal efﬁciency (Koparal et al., 2008).
As a result of the electrochemical process, the reaction pH
increased due to the production of hydroxyl ions in the aqueous
solution. At the initial pH of 3, despite a moderate increase of 2
units, the system efﬁciency was low since pH was  still in the acidic
range. When the initial pH of the reaction was  neutral, the pH
of the reaction increased, and the ﬁnal pH of reaction eventually
reached 8.7. Finally, when the initial pH of reaction was  9, pH was
slightly increased, and the ﬁnal pH reached 9.47. Therefore, during
the reaction at pH 7–9, the reaction was eventually alkalinized, and
the reactions occurred at an alkaline pH. Accordingly, some slight
changes occurred in the removal efﬁciency at this pH range.
Studies conducted by Bazrafshan et al. (2007), Malakootian et al.
(2011), and Zaleschi et al. (2014) indicated that electrocoagulation
serves as a pH adjustor, consistent with the present study. Based on
the results obtained in this section, it can be inferred that since elec-
trocoagulation itself serves as a buffer, using this process in water
and wastewater treatment plants does not require pH adjustment
at the beginning of the process; however, at the end of the process,
pH might need to be adjusted due to the increased output pH in
some operational conditions.
3.3.2. Effect of process time (t)
According to Faraday’s law, the electrolysis time in electroco-
agulation processes affects the production of metal ions. At the
beginning of the process, the removal efﬁciency of HA versus time
is increased with a steep slope, so that the highest HA removal rate
in experiments shown in Fig. 1 occurs at 10 min; subsequently,
the removal efﬁciency increases with a slight slope. Therefore,
the removal process can be divided into two phases, namely, a
fast-initial phase and slow-secondary phase. The results are consis-
tent with those reported by Drouiche et al. (2009) and Bazrafshan
et al. (2012). According to the diagram provided for distribution
of hydrolysis products at different times (Fig. S2), the highest Alb
content was at 10 min; thus, such high efﬁciency at 10 min  can be
attributed to the high content of Al13 polymer.
3.3.3. Effect of electrical conductivity (EC0)
The removal efﬁciency rises by changing the factor from its low
level to high level when the effect of an independent variable is
toward the positive region. However, the negative impact causes
a decrease in the removal efﬁciency when a factor is varied from
its low level to high level (Saleh and Danmaliki, 2016; Saleh et al.,
2017, 2018). In the linear regression model presented in Eq. (6), the
electrical conductivity was inversely proportional to HA removal, so
that the removal rate was reduced with increased electrical conduc-
tivity. As also shown in Fig. 3, in HA removal, initial concentration
(C0), initial pH (pH0), process time (t), and pulse time (Tpls) have
positive effects, while the electrical conductivity (EC0) has a nega-
tive effect. The slope of the effect demonstrates the sign of the main
effect (Saleh et al., 2017, 2018). This main effect plot indicates the
mean response values of a variable at different levels and expresses
the relative strength of each variable considered in the analysis
(Adio et al., 2017). For instance, the removal of HA increased by
increasing the initial concentration (C0) between 10 and 50 mg/L.
Moreover, the increase in the removal of HA by increasing the ini-
tial pH (pH0) (from 3 to 7), process time (t) (from 10 to 70 min), and
pulse time (Tpls), and pulse time (Tpls) (from 1 to 10 min), although
the increase is not as signiﬁcant as that in the case of initial concen-
tration (C0). On the other hand, there is a gradual decrease in the
removal of HA by increasing the electrical conductivity (EC0) from
500 to 2000 S/cm.
The decrease in the removal of HA by increasing the electrical
conductivity (EC0) is likely because in the presence of potassium
salt (KNO3), due to the competitive role of ions in electrocoagula-
tion processes, the efﬁciency of aluminum oxidation and hydrogen
reduction is reduced since a part of the current density is consumed
for nitrate reduction (Ricordel et al., 2010). Electrical conductiv-
ity, by altering solution conductivity, can also cause changes in the
amount of the current passing through the system. Current density
(CD) is an important factor that controls electrochemical reactions
and determines coagulant dose. In the present discussion on pH
and process time, it was shown that the main species responsible
for coagulation in this process is Alb or Al13 polymer.
In a study on the distribution of aluminum species in EC pro-
cesses, Hu et al. (2016) showed that the amount of Alb produced
in electrocoagulation has an inverse relationship with the applied
current density, so that a low current density results in formation of
more Alb polymer, or Al13, which conﬁrms the results of the present
study (Fig. S3). They found that although an increase in current den-
sity would lead to reduced time required to reach the maximum
Alb content, the time required to reach the maximum content at a
density of 10, 50, and 100 A/m2 is approximately 5, 8, and 10 min.
With increased current density, the solution pH is increased due
to the increased production of OH− in cathode, and with increased
solution pH, the pure positive charge and, as a result, the repulsive
force between Al13 polymers (the main species in the production of
Al(OH)3 deposits) are reduced. This facilitates accumulation of the
polymers to form Al(OH)3 deposits (Hu et al., 2016) (Fig. S1), but
such an increase in pH would also result in the increased negative
charge of HA (due to the exit of functional groups) and increased
zeta potential of HA. On this basis, a low current density can be con-
sidered optimal. In a study conducted by Vasudevan et al. (2011),
the best removal efﬁciency of cadmium was at a density of 20 A/m2,
which is close to the optimal current density of 24.3 A/m2 in the
present study. In another study conducted by Chaﬁ et al. (2011),
increasing the density up to 20 mA/cm2 increased the removal rate,
but beyond this value, increasing the current density resulted in a
reduced removal rate.
3.3.4. Effect of initial HA concentration (C0)
In the diagram presented in Fig. 3a, increasing the initial con-
centration led to increased removal of HA mass (mg). In the
comparative experiments 18, 19, 24, and 26, it was observed that
at high concentrations, the process with 10–20 min  delayed pulse
current reached efﬁciency equal to that of the DC process. Due to
the off time (toff) in the pulse current, a lower amount of coagu-
lant is produced, and more time is needed to provide the required
coagulant.
3.3.5. Effect of pulse time (Tpls)
The electric dual layer structure acts as a capacitor (with cer-
tain capacity) and is charged at the beginning of the experiment
and discharged at the end of the electrolysis. In the electrolysis
study with DC, charging and discharging of the electrical dual layer
occurs at the beginning and end of the electrolysis; however, in
pulse electrolysis, due to the time gap, the charge and discharge
of the electrical dual layer occurs at the beginning and end of each
pulse alternating at certain time intervals (based on Tpls). Thus, the
ratio of layer charging time to ton and ratio of layer discharging
toff are of great importance in pulse electrolysis. The pulse elec-
trolysis theories emphasize that the current establishment time
should be so long that the electrical dual layer has enough time for
charging; the off-time should be long enough for the electrical dual
layer to be completely discharged. In other words, only a part of ton
and toff is spent for charging and discharging of the electrical dual
layer (Puippe and Leaman, 1986). According to the Taguchi analysis
diagram presented in Fig. 3a, an increase in the pulse time led to
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Fig. 4. Diagrams for HA removal versus process time of selected experiments (C0 = 10–50 mg/L, pH0 = 3–9, EC0 = 500–2000 S/cm, Tpls = 1–10 min, Npls = 1–10, and V = 5–15 V)
to  compare four processes of DC-simple electrode, direct current-perforated electrode, pulse current-simple electrode, and pulse current-perforated electrode.
an increased removal rate. The above-mentioned data conﬁrm the
results obtained in this study.
3.4. Comparative experiments to evaluate the effect of current
type and electrode shape
To investigate the effect of current type (direct and pulse)
and electrode shape (perforated and simple), 9 experiments were
selected from among 27 experiments covering all levels of vari-
ables (Table S3). To make a comparative analysis in terms of HA
removal efﬁciency, the selected experiments were evaluated for
four different processes including: (i) DC-simple electrode, (ii) DC-
perforated electrode, (iii) pulse current-simple electrode, and (iv)
pulse current-perforated electrode, the results of which are pre-
sented in Fig. 4.
In the experiment (1), in which all variables were at their
lowest level, the maximum removal rate occurred in the pulse
current-perforated electrode process. The process of DC with sim-
ple electrodes had the highest removal efﬁciency in the ﬁrst 10 min,
but afterwards, the removal efﬁciency was reduced to nearly 58%.
The two processes, using perforated electrodes, exhibited better
efﬁciency in both current states (modes).
According to the experiment (5), it is obvious that processes
with pulse current (simple and perforated electrode) reached an
efﬁciency equal to that of the process with DC after a 10-min delay.
In the process with pulse current and perforated electrodes, a better
efﬁciency was achieved compared to the pulse current and sim-
ple electrodes. In the experiment (9), compared to the experiment
(5), the electrical conductivity, pulse number, and pulse time were
doubled; voltage and pH were increased from 10 to 15 and from 7
to 9, respectively. After 20 min, in the process with DC and a sim-
ple electrode, the removal efﬁciency was reduced to nearly 78%.
Due to the high voltage and electrical conductivity, there was a
probability to produce excessive coagulant and re-stabilization. In
the experiment (10), the main process (pulse current and perfo-
rated electrode) exhibited no acceptable efﬁciency compared to
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Fig. 5. Surface of electrodes in (a) pulse current with perforated electrode; (b) pulse current with simple electrode (c) DC with perforated electrode; and (d) DC with simple
electrode under conditions of C0 = 10–50 mg/L, pH0 = 3–9, EC0 = 500–2000 S/cm, Tpls = 1–10 min, Npls = 1–10, and V = 5–15 V.
the DC, and a signiﬁcant reduction in efﬁciency was  seen at 30 min
because the pulse time and pulse number were under inappropriate
conditions for the process with the pulse current.
In the experiment (14), all four processes had high, similar
efﬁciencies. In the process with DC and a simple electrode, the
efﬁciency was reduced after 30 min, which could be because the
electrical conductivity and voltage variables were highest, leading
to the passage of higher current density through the circuit, produc-
tion of excessive coagulant, and re-stabilization. In the experiment
(18), the process with pulse current could not achieve an acceptable
efﬁciency up to the 30 min. At 70 min, the removal efﬁciency was
almost equal in all four processes. Here, similarly, the pulse cur-
rent with a perforated electrode exhibited better efﬁciency than
the simple electrode. In the experiment (19), due to the high con-
centration of HA and the need for more coagulant, the efﬁciency
with pulse current at 20 min  was lower than with the DC, and the
pulse current could achieve an efﬁciency equal to that of the DC,
with a 10-min delay at 30 min.
In the experiment (24), the process with DC achieved an efﬁ-
ciency of 85% at 10 min, while the process with pulse current had
no signiﬁcant removal rate up to the 20th min; however, at 30 min,
the removal efﬁciency reached to that of the DC. At high concentra-
tions, due to the need for more coagulant, the process with the DC
had a higher efﬁciency, but at low concentrations, the process with
DC resulted in re-stabilization due to the production of excessive
coagulant. In the experiment (26), as in the previous conditions in
the process with pulse current, the removal began at 30 min  and
achieved an efﬁciency nearly equal to the DC at 70 min.
3.5. Comparing electrode surfaces in the four processes
To investigate the effect of current type (alternating pulse and
DCs) and electrode’s shape (simple and perforated) on the corro-
sion of the electrode surfaces after the end of nine comparative
experiments; the used electrodes were washed with distilled water
and then compared. In addition, an unused electrode was  also
considered as the control electrode. The electrodes used in the com-
parative experiments for four different processes are illustrated in
Fig. 5. In Fig. 5a and b, the electrodes used in the APC, and in Fig. 5c
and d, the electrodes used in the DC are shown for the two shapes of
perforated and simple electrodes, respectively. As shown in Fig. 5
for the electrode surfaces, in the electrode used in the reactor with
pulse current, no oxide layer formed on the electrode surface, and
both electrodes were corroded equally due to changes in electrode
polarity. In the electrode with DC, the corrosion rate is clearly vis-
ible, and the passive layer formed on the electrode is completely
clear. The off-current time in pulse current led to formation of alu-
minum oxide, which was  due to the O2 species reaching distances
far from the electrode surface and, as a result, lower probability
of being combined with Al3+; therefore, dissolution of the oxide
layer and reduced probability of formation of this layer at toff would
lead to the formation of a thinner coating than the DC (Sahay and
Kushwaha, 2017).
Passivation of aluminum electrodes is a common problem in
electrocoagulation reactors in water treatment, which adds addi-
tional voltage on the system. The electrodes used in the four
processes were compared in terms of their surface corrosion rate.
Under a microscopic examination, the electrode surface morphol-
ogy was investigated in Fig. 6 using scanning electron microscopy
(SEM) at a scale of 2 m and 500 nm.  Comparing the electrode
SEM images led to the conclusion that in the process with pulse
current and perforated electrode, less disordered (irregular) pores
were formed; an ordered structure of aluminum could be still
seen, and the aluminum electrodes were dissolved uniformly. How-
ever, electrodes fed with DC had numerous nesting pores, and the
accumulation of ﬁne crystals indicated the formation of aluminum
oxide. These results are consistent with those of Mao  et al. (2008).
Furthermore, these images also indicated that perforation of the
electrodes, compared to simple electrodes, resulted in relatively
more ordered pores on the electrode surface.
3.6. Investigating the concentration gradient
Fig. S4 illustrates an example of an ongoing ECF process with
DC and a perforated electrode (a) and pulse current and a sim-
ple electrode (b). The two  experiments were performed under the
same operational conditions including C0 = 50 mg/L, pH0 = 9, EC0 =
500 S/cm, voltage = 10 V, and process time of t = 50 min. As seen
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Fig. 6. Scanning electron microscopy (SEM) of (a) surface of control electrode; (b) electrode used in process with pulse current and perforated electrode; (c) electrode used
in  process with pulse current and simple electrode; (d) electrode used in process with DC and perforated electrode; and (e) electrode used in process with DC  and simple
electrode on scale of (1) 2 m and (2) 500 nm.
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Fig. 7. Comparing energy consumption in four processes (C0 = 10–50 mg/L, pH0 = 3–9, EC0 = 500–2000 S/cm, Tpls = 1–10 min, Npls = 1–10, and V = 5–15 V).
in section (a) of this ﬁgure, with DC, due to the created concen-
tration gradient, no gelatin layer has formed. According to Yildiz
et al. (2008), such layer is formed at high pH values and concentra-
tions above 120 mg/L, but quite a thin layer of HA has been formed
on the electrode’s surface. On the other hand, in section (b), which
was performed under the same operational conditions, there was
no formation of a thin layer or accumulation of sludge around the
electrodes.
3.7. Comparing sludge amounts and re-stabilization of processes
As seen in Fig. S5a, the amount of sludge produced in the process
with a pulse current is considerably less than the process with DC
under equal conditions, which is consistent with Keshmirizadeh
et al. (2011), who conducted studies on chromium removal using
an APC system. Fig. S5b shows an example of re-stabilization during
the electrolysis with DC with a simple electrode. It was compared to
the pulse current electrolysis with a perforated electrode under the
operational conditions of the experiment (9) (C0 of 10 mg/L, EC0 of
2000 S/cm, pH0 of 9, voltage of 15 V, Npls of 10, and Tpls of 10 min).
Some of experiments exhibited reduced efﬁciency, which could be
due to the excessive production of coagulant and re-stabilization
of the process.
3.8. Comparing energy consumption in the four comparative
processes
Fig. 7 shows the energy consumption in kWh/m3 and kWh/g
HAremoved in the four comparative processes for each experiment.
As seen from the schematics, there was a huge difference between
the direct and pulse currents in terms of energy consumption.
The average energy consumption for the removed HA (kWh/g
HAremoved) and average efﬁciency (%) in nine experiments were
0.57 and 90% in the process with DC and a simple electrode, 0.43
and 91% in the process with DC and a perforated electrode, 0.17 and
85% in the process with pulse current and a simple electrode, and
0.18 and 87% in the process with pulse current and a perforated
electrode, respectively. Hence, the process with alternating pulse
current, with a third of the DC’s energy consumption, reached an
efﬁciency close to that with DC.
Fig. 8a represents a comparison of energy consumption (kWh/g
HAremoved) and efﬁciency of processes (%) under operational condi-
tions of experiment (14) (C0 of 20 mg/L, EC0 of 2000 S/cm, pH0
of 7, voltage of 15 V, Npls of 10, Tpls of 5 min, and process time
of t = 50 min), which was performed with common concentrations
and pH. As indicated by the diagram, the highest efﬁciency (93.5%)
and lowest energy consumption (0.46) were obtained with pulse
current. The next highest efﬁciency was in the process with pulse
current and a simple electrode. This was  followed by DC with a per-
forated electrode and DC with a simple electrode resulted in the
lowest efﬁciency (85.8%) and highest energy consumption (1.32)
(conventional process), respectively.
Fig. 8b shows that, in the comparative experiments, the low-
est energy consumption (kwh/gremoval HA) in all four processes
occurred in the experimental conditions (C0 of 50 mg/L, EC0 of
1000 S/cm, pH of 7, voltage of 5 V, and process time of t = 50 min).
Although the process with a pulse current has a 1% lower efﬁciency
(97%) compared to the DC (98%), the energy consumption rate in
the process with pulse current (0.007 kW h/g HAremoved) was a third
of the energy consumption in the process with DC (0.022 kW h/g
HAremoved). According to Mao  et al. (2008), the pulse current would
lead to a signiﬁcant reduction in energy consumption. The energy
consumption rate (kWh/m3) was  equal to 1.08 for a DC with a sim-
ple electrode, 0.75 in DC with a perforated electrode, 0.38 in APC
with a simple electrode, and 0.37 in pulse current with a perforated
electrode.
114 G. Hasani et al. / Process Safety and Environmental Protection 121 (2019) 103–117
Fig. 8. (a) Energy consumption and efﬁciency of comparative processes; (b) minimum energy consumption rate and efﬁciency in comparative processes; and (c) comparing
aluminum production rate.
It is noted that pulse current leads to less energy consumption
and coagulant production, which in turn causes less efﬁciency. Also,
perforated electrodes lead to the same impact by reducing surface
area of electrodes. Therefore, it is expected that their combina-
tion causes less energy consumption and efﬁciency, but the results
shows the consistent energy consumption and improvement in
efﬁciency. This is risen from the complex nature of electrocoagula-
tion. The pulse current leads to less concentration polarization that
in turn leads to more coagulation and more efﬁciency. Addition-
ally, the perforating of electrodes leads to increase in sharp edges
on electrodes that are more electro-active area because of more
current density. This effect is well known in corrosion science. In
this regard, results of the present study show a synergistic effect
that leads to increase in efﬁciency by applying both pulse current
and perforated electrodes simultaneously.
In another study, Yildiz et al. (2008) achieved an efﬁciency
of 81.2% at an initial HA concentration of 200 without adding
electrolyte at a pH of 7, a time of 55 min  and with an energy
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Fig. 9. Diagram for removal of HA and TOC under the optimal conditions (pH0 of 6.6, CD of 24.3 A/m2, Tpls of 10 min, Npuls of 3, EC0 of 800 S/cm, and C0 of 20 mg/L).
consumption rate of 3.18 kW h/m3 with a DC. Furthermore, in the
present study, an efﬁciency of 81.2% was obtained at the solution’s
pH and at concentration of 200 (pH of 9), process time of 60 min,
and energy consumption rate of 2 kW h/m3. In a study conducted by
Vasudevan et al. (2011), the best cadmium removal efﬁciency using
an aluminum anode and cathode at a current density of 20 A/m2
and pH of 7 was obtained at 97.5% for an alternating current with
an energy consumption rate of 0.454 kW h/m3 and 96.2% for a DC
with an energy consumption rate of 1.002 kW h/m3. The energy
consumption ratio in two currents was equal to 2.2, which is close
to that obtained in the present study (i.e., 3).
3.9. Comparing aluminum consumption rate
The average aluminum consumption for removed HA (kg Al/kg
HAremoved) in nine experiments was 0.236 in the process with a
DC and a simple electrode, 0.182 in the process with a DC and a
perforated electrode, 0.089 in the process with a pulse current and
a simple electrode, and 0.09 in the process with a pulse current
and a perforated electrode. According to the diagram in Fig. 8c in
the comparative experiments, the minimum aluminum consump-
tion rate (kg Al/kg HAremoved) in all four processes was obtained at
conditions of C0 = 50 mg/L, EC0 = 1000 S/cm, pH0 = 7, and V = 5 V.
Although the process with a pulse current had a 1% lower efﬁciency
(97%) compared to the DC (98%), the aluminum consumption rate in
DC (0.024) was twice that in the process with pulse current (0.01),
which would lead to reduced process costs and a lower energy
consumption rate.
Finally, a further experiment was performed at a HA concen-
tration common in surface waters and under the obtained optimal
conditions based on linear regression and artiﬁcial neural network
modeling (pH0 of 6.6, CD of 24.3 A/m2, Tpls of 10 min, Npuls of 3, EC0
of 800 S/cm, and C0 of 20 mg/L). The results were measured using
a spectrophotometer and a TOC-meter device. These results are
shown in Fig. 9. The British standard for all THMs is 100 g/L, while
the THMs formation potential by natural substances is more than
100 g for each 1 mg  of dissolved organic carbon (DOC). If 1 mg/L of
DOC remains, it can increase the trihalomethane concentration to
100 g/L, and thus break the above-mentioned standard (Edzwald
and Tobiason, 1999; Murray and Parsons, 2006; US EPA, 2006). The
measurements showed an initial DOC content and residual DOC
of 8.67 and 1.7 mg/L, respectively. Thus, according to the above
explanations, it cannot meet the given standard, so that additional
treatment might be required.
4. Conclusions
A six factor (initial concentration, initial pH, electrical conduc-
tivity, pulse time, pulse number, and process time), three-level,
L27 orthogonal array of Taguchi/DOE-based optimization were
implemented as an effective tool for mathematical modeling of
HA removal for the comparative analysis of four different ECF
processes. Based on both experimental and modeling results, con-
clusions drawn from the present study and ﬁnal remarks are
summarized as follows:
(1) According to the results obtained from multiple linear regres-
sion, the independent variables, including initial concentration,
pH, process time, and pulse time were directly, but electrical
conductivity was  inversely proportional to the HA removal rate.
(2) APC-ECF method led to the production of less dewatered and
dense sludge, and the morphology of the electrode surfaces
with APC and perforated electrode showed less disordered
(irregular) pores and a regular structure of aluminum compared
to the DC.
(3) In the comparative experiments, the average energy consump-
tion (kWh/g HAremoved) and average removal efﬁciency (%) in
nine experiments were equal to 0.57 and 90% in the process
with a DC and a simple electrode and 0.18 and 87% in the process
with an APC and a perforated electrode.
(4) The APC process, with one-third of the energy consumption of
DC, reached a similar efﬁciency close to that of DC. Furthermore,
the average aluminum consumption for removed HA (kg Al/g
HAremoved) in nine experiments in the process with a DC and a
simple electrode was  2.5-fold higher (0.236) than that obtained
in the process with a pulse current and perforated electrode
(0.09).
(5) In addition to numerous advantages, such as the prevention of
the formation of an oxide layer on the electrode surface, lower
electrode consumption, dewatered and dense sludge produc-
tion (which is of great importance in sludge disposal costs),
electrocoagulation with APC can also achieve an efﬁciency close
to that of a DC process but at one-third of the energy consump-
tion rate. Since power consumption costs account for more than
50% of the expenses of the electrocoagulation unit, it is highly
important to improve the electrolytic processes for electroco-
agulation application.
(6) The ECF process can be used for a wide range of water and
wastewater treatment systems that are highly effective in
removal of mineral contaminants and pathogens. Due to the
extensive application of this process, it can be used for the
treatment of surface and underground water.
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